Cisplatin (cis-diaminedichloroplatinum II) is a highly effective antineoplastic DNA alkylating agent that is widely used to treat many cancers, such as, head and neck, ovarian, testicular, mammalian, and cervical cancer.
It has been demonstrated that cisplatin induces cell death of renal tubules, which is characterized by reduced glutathione (GSH) levels, and higher blood urea nitrogen (BUN), serum creatinine, and malondialdehyde (MDA) levels, which are suggestive of accelerated peroxidative processes. Furthermore, reactive oxygen species (ROS) are known to cause tissue damage by interacting with various macromolecules, such as, polyunsaturated fatty acids, in the cellular membrane. ROS are generated endogenously in renal cells, and are directly removed by endogenous antioxidants, such as, GSH and superoxide dismutase (SOD). It has been suggested that ROS upregulation is associated with an impaired glomerular filtration rate (GFR). 7) On the other hand, antioxidants maintain intracellular reduced GSH concentrations, restore cellular defense mechanisms, block lipid peroxidation, and thus, protect real cells against the noxious effects of a wide variety of nephrotoxic agents. 8, 9) Several studies have suggested that cisplatin induces ROS and reactive nitrogen species (RNS), which both deplete GSH and cause lipid peroxidation. [10] [11] [12] In particular, the hydroxyl radical is generated by the interaction between DNA and cisplatin, and attacks renal microsomal membranes and causes lipid peroxidation. 13) Furthermore, the depletion of renal GSH may also increase MDA levels and the formations of stable proteincisplatin adducts, and decrease the activities of antioxidant enzymes, such as, SOD, catalase (CAT), glutathione reductase (GR), and glutathione peroxidase (GPx). 14, 15) Cisplatin is also known to increase the activities of the oxidant enzymes, such as aldehyde oxidase (AO) and xanthine oxidase (XO), which are major contributors to oxidant load in renal tissues. 16, 17) Rubus coreanus (Rosaceae) is a perennial shrub found in southern part of Korea, and its dried unripe fruits have been used for centuries as an herbal medicine, particularly to improve libido. 11) In one study undertaken to compare of antioxidant activities of seventy herbs used in Korean traditional medicine, Rubus coreanus demonstrated potent antioxidant activities during three different antioxidant assays. 19) In fact, several saponins, such as, the 19a-hydroxyursane-type triterpenoids and their glycosides isolated from Rubus sp. have been shown to act as antioxidants. 20) In a previous study, we found that the triterpenoid glycoside niga-ichigoside F 1 (NIF 1 ) and its aglycone 23-hydroxytormentic acid (23-HTA), isolated from the unripe fruits of Rubus coreanus, had antinociceptive, anti-inflammatory, anti-gastropathic, and anti-rheumatic effects in animal models. 21, 22) It is of note that both compounds acted as antioxidants in a carrageenan-induced edema model and in an ethanol-sodium salicylate-induced gastropathy model. Furthermore, recently, we found that 23-HTA and NIF 1 ameliorate cisplatin-induced toxicity by modulating the expressions of antioxidant enzymes via Nrf2 activation in renal epithelial LLC-PK 1 cells. 23) These observations encouraged us to investigate the protective effects of 23-HTA and NIF 1 on cisplatin-induced nephropathy in a rat model, and the possible mechanisms underlying these effects.
MATERIALS AND METHODS
Materials 23-HTA and NIF 1 (Fig. 1A ) used in this study were isolated from the roots of Rubus coreanus as previously described. 21) Both compounds were subjected to LC-MS and found to be Ͼ96% pure. Cisplatin, epinephrine, GSH, oxidized GSH (GSSG), 2-vinylpyridine, 5,5Ј-dithiobis-2-nitrobenzoic acid (DTNB), and deferoxamine (DFO) were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). BUN and serum creatinine kits were purchased from Asan Pharm. (Seoul, Republic of Korea) and Sigma, respectively. GR and GPx kits were purchased from Cayman Chemical Co. (Ann Arbor, MI, U.S.A.).
Animals and Experimental Design All procedures were approved by the Institutional Animal Care and Use Committee of Kyung Hee University (# KHP-2008-08-14). Male Sprague-Dawley (SD) rats weighing 190-210 g were purchased from Orient Bio (Gyeonggi, Republic of Korea). Rats were housed 4/cage and fed standard laboratory chow under a 12 h dark/light cycles in a controlled laboratory environment (20Ϯ2°C; RH 40-60%) for two weeks. Twentyfour hours before experiments animals were allowed water only. To exclude diurnal enzyme activity variations, animals were sacrificed between 10:00-12:00 a.m. Animals were allocated to five groups (nϭ10/group): the vehicle-treated control group, the cisplatin alone treated group, the 23-HTA plus cisplatin group, the NIF 1 plus cisplatin group, and the DFO plus cisplatin group. Control animals were administered physiological saline containing 0.1% of tween 80 via same routes as 23-HTA or NIF 1 . Cisplatin was injected intraperitoneally (i.p.) at 7 mg/kg body weight. 23-HTA or NIF 1 were administered at 10 mg/kg/d p.o. daily for consecutive 14 d tarting 1 d before cisplatin administration. DFO was administered orally at 250 mg/kg daily for 14 d before the cisplatin injection at a dose of 7 mg/kg body weight.
Biochemical Determination Rats were sacrificed 4 d after administration of cisplatin. BUN, serum creatinine, and hydroxyl radical content were determined by centrifuging blood for 10 min at 3000 rpm. BUN and serum creatinine were measured using commercial kits according to the manufacturer's instructions and results are expressed as mg/dl. Hydroxyl radical levels were measured using the method of Kobatake et al. 24) The kidneys of rats were removed surgically, washed with physiological saline solution and cleared of fatty tissue. Tissues were homogenized and prepared for assays as described previously. 25) Upper clear portions of tissue homogenates were used for measurements. Protein concentrations were determined using Bio-Rad protein assay reagent (Bio-Rad Laboratories Inc., CA, U.S.A.). MDA, GSH levels, AO, XO, SOD, CAT, GR, and GPx enzymes activities were measured in supernatants. MDA levels were measured using the thiobarbituric acid reactive substances (TBARS) method. 13) GSH was assayed using an enzymatic recycling procedure adapted for a microplate reader. 26 ) AO activity was determined by measuring 2-pyridone formation at 300 nm. 27 ) XO activity was determined by measuring uric acid formation from xanthine at 295 nm. 28) SOD activity was determined as described by Misra and Fridovich 29) at room temperature. CAT activity was determined by measuring hydrogen peroxide (H 2 O 2 ) absorbance decreases at 240 nm, 30) and GR and GPx activities were measured by following changes in reduced nicotinamide adenine dinucleotide phosphate (NADPH) absorbance at 340 nm using Cayman kits. 31) g-Glutamyl transferase (g-GT) and g-glutamylcysteine synthetase (g-GCS) activities were determined using the methods described by Habig et al. and Meister and Richman, respectively. 32, 33) Histopathological Examination of Renal Tissues Left kidneys were fixed in 10% formalin, dehydrated in an alcohol series, and embedded in paraffin. Sections (4 mm) were stained with H&E and examined under a light microscope by a pathologist unaware of the treatment protocol.
Statistical Analysis Data are reported as meansϮS.D. Statistical analysis was performed by analysis of variance (ANOVA) followed by Dunnett's multiple comparison test. p values of Ͻ0.05 were considered statistically significant.
RESULTS

Effects of 23-HTA and NIF 1 on Cisplatin-Induced Renal Injury in Rats
In a previous study, we found that the aglycone 23-HTA and its glycoside NIF 1 protected against cisplatin-induced cytotoxicity and against increases in intracellular oxidant status in LLC-PK 1 cells. 23) We further explored the in vivo efficacies of 23-HTA or NIF 1 in terms of preventing cisplatin-induced acute renal injury in rats by measuring BUN and serum creatinine levels. In this study, 23-HTA and NIF 1 were administered to rats at 10 mg/kg (per os (p.o.)) based on our previous findings. 21) No significant toxic effects were observed even at dose of 30 mg/kg in this rat model. As shown in Fig. 1B , a single dose of cisplatin (7 mg/kg, i.p.) significantly elevated BUN and serum creatinine concentrations (by 3.0-and 24.9-fold, respectively, pϽ0.05) as compared with vehicle-treated control rats. Pretreatment with 23-HTA (10 mg/kg, p.o.) for 14 d prior to cisplatin was found to significantly reduce BUN by 30.6% and serum creatinine levels by 23.6% as compared with cisplatin alone treated rats, whereas pretreatment with NIF 1 alone only caused marginal reductions. Furthermore, pretreatment with DFO (250 mg/kg, p.o.; a positive control) significantly prevented cisplatin-induced nephrotoxicity. 34, 35) Effects of 23-HTA and NIF 1 on Hydroxyl Radical, MDA, and GSH Levels in Cisplatin-Treated Rats To determine whether oxidative stress was involved in the nephroprotection afforded by 23-HTA or NIF 1 , we investigated hydroxyl radical levels in serum and lipid peroxidation and GSH levels in kidney tissues. The administration of cisplatin (7 mg/kg, i.p.) significantly increased hydroxyl radical levels in serum and MDA levels in kidney tissues as compared with vehicle-treated control rats (6.52Ϯ0.36, 3.18Ϯ0.6 vs. 2.36Ϯ 0.17, 1.31Ϯ0.13, respectively, pϽ0.05) (Fig. 2) . Furthermore, pretreatment with 23-HTA prior to cisplatin significantly reduced hydroxyl radical and MDA levels versus cisplatin alone treated rats by 41.3% and 20.4%, respectively. On the other hand, pretreatment with NIF 1 elicited only slight reductions. GSH is an important endogenous antioxidant that protects cells and tissues from oxidative stress. Therefore, we investigated the effects of 23-HTA and NIF 1 on GSH levels in cisplatin alone treated rat kidneys. Cisplatin (7 mg/kg, i.p.) significantly reduced mean GSH contents (0.28Ϯ0.04 vs. 0.42Ϯ0.07, pϽ0.05) in kidney tissues, and pretreatment with 23-HTA markedly inhibited this reduction (Fig. 2) . In addition, we investigated the activities of g-GCS and g-GT, which are required for cellular GSH formation and degradation, respectively. As shown in Table 1 , cisplatin reduced the activity of renal g-GCS (73.2Ϯ8.7 vs. 110.8Ϯ9.6, pϽ0.05) and increased the activity of renal g-GT (284.6Ϯ49.5 vs. 21.7Ϯ5.4, pϽ0.05). However, these cisplatin-induced changes were markedly restored by 23-HTA or DFO (the positive control), but not by NIF 1 .
Effects of 23-HTA and NIF 1 on Oxidant and Antioxidant Enzyme Activities in Cisplatin-Treated Rats It has been reported that cisplatin-induced oxidative stress is caused by an imbalance between the production and removal of ROS.
10,11) Therefore, we investigated whether 23-HTA or NIF 1 modulate cisplatin-induced oxidative statuses by measuring the activities of oxidant and antioxidant enzymes. Cisplatin was found to significantly increase the activity of AO (16.6Ϯ0.58 vs. 13.3Ϯ0.79, pϽ0.05), but not that of XO, in kidney tissues (Table 2) , and pretreatment with 23-HTA or NIF 1 significantly reduced AO activity after cisplatin treatment by 10.2% and 8.4%, respectively. In addition, the activities of SOD, CAT, GR, and GPx were found to be significantly reduced in cisplatin alone treated rats (by 67.7%, Rats were sacrificed 4 d after cisplatin administration. Blood was collected to determine its hydroxyl radical content. Kidneys were excised and homogenized to measure MDA (due to lipid peroxidation) and GSH levels in renal tissues. DFO was used as a positive control. The data presented are meanϮS.D., nϭ10 in each group. # pϽ0.05 vs. the vehicle-treated control group; * pϽ0.05 vs. the cisplatin alone treated group. 54 .2%, 41.0%, 55.1%, respectively, pϽ0.05) as compared with vehicle-treated control rats (Table 2 ). In contrast, pretreatment with 23-HTA or NIF 1 significantly prevented these reductions. Furthermore, 23-HTA was found to have greater protective effects than NIF 1 on the activities of oxidant and antioxidant enzymes in our rat model. The above results suggest that 23-HTA significantly attenuates oxidative stress by suppressing the oxidant enzyme AO and by augmenting the activities of antioxidant enzymes, such as, SOD, CAT, GR, and GPx.
Effects of 23-HTA and NIF 1 on Renal Tissue Histology Cisplatin was found to induce acute tubular necrosis, tubular dilatation, vacuolar degeneration, epithelial desquamation, and intraluminal cast formation in proximal convoluted tubules (Fig. 3B) . However, animals administered 23-HTA or DFO before cisplatin showed only minimal changes (Figs.  3C, D) , but NIF 1 had little effect on cisplatin-induced changes (Fig. 3E) .
DISCUSSION
Rubus coreanus is used in traditional Korean medicine to improve kidney function, and is known to have substantial antioxidant activity. 19) We previously isolated NIF 1 from the butanol extract of Rubus coreanus and hydrolyzed it to produce the aglycon 23-HTA, 21) because aglycones are more active than their corresponding glycosides, though not always. 36) In the present study, we compared the protective effects of the triterpenoid glycoside NIF 1 and its aglycone 23-HTA in rats exposed to acute cisplatin-induced nephrotoxicity by measuring improvements in biochemical parameters and assessing renal tissue damage amelioration observed by histopathological examination.
Since the nephrotoxicity of cisplatin limits its usefulness, it is critical that the mechanisms involved be elucidated and that agents capable of protecting renal tubules from the effects of cisplatin are identified. Cisplatin-induced nephrotoxicity results in severe nephropathy involving acute renal failure, which are associated with the loss of renal functions, including severe reductions in glomerular filtration and creatinine clearance, and increased levels of BUN and serum creatinine. [37] [38] [39] Levels of BUN and serum creatinine correlate well with renal function, and thus, are useful for evaluating kidney function. This study shows that 23-HTA significantly attenuates cisplatin-induced nephrotoxicity by observing the suppression of BUN and serum creatinine levels.
Recent evidence suggests that cisplatin-induced nephrotoxicity is caused by oxidative stress and increased levels of the superoxide anion, hydrogen peroxide, and hydroxyl radicals caused by the increased activities of NADPH oxidase, xanthine oxidase, and adenosine deaminase. 40, 41) Increased ROS production decreases the activities of the antioxidant enzymes (CAT, SOD, and GPx), depletes GSH and protein thiols, and enhances lipid peroxidation in renal tissue. 42) In addition, cisplatin-induced nephrotoxicity is characterized by the destruction of intracellular organelles, cellular necrosis, loss of microvilli, alterations in lysosome numbers and sizes, and mitochondrial vacuolization, which are followed by GSH depletion, lipid peroxidation, and mitochondrial damage. 1, 6) In the present study, cisplatin was found to significantly increase the levels of hydroxyl radical in serum and of MDA in kidney tissues. Furthermore, cisplatin was also found to markedly decrease GSH levels and the activity of g-GCS, whereas g-GT activity was reduced, which are required for cellular GSH formation or degradation. These findings regarding the effects of cisplatin are consistent with our previous findings that cisplatin induces lipid peroxidation, glutathione depletion, and ROS production in LLC-PK 1 renal epithelial cells. 23) These observations suggested that cisplatin causes renal tissue damage by inducing oxidative stress. Furthermore, the present study shows that 23-HTA pretreatment prevents cisplatin-induced redox status changes.
ROS are generated under normal cellular conditions and are immediately detoxified by endogenous antioxidants, like GSH, CAT, and SOD. However, the excessive ROS accumulations induced by cisplatin cause antioxidant status imbalance and lead to lipid peroxidation and GSH depletion. 43, 44) The present study shows that 23-HTA significantly inhibits cisplatin-induced increases in the activities of AO and XO. Furthermore, increased XO activity is an important contributor to renal oxidant loading, because it is mainly responsible for superoxide radical production in vivo. 45) In the present study, the activities of SOD, CAT, GR, and GPx were found to be lower in the kidneys of rats treated with cisplatin. In particular, the selenium containing enzyme GPx, scavenges hydroperoxides and lipid peroxides, and thus, protects cells against ROS. It is evident from the present study that 23-HTA pretreatment restored cisplatin induced reductions in SOD, CAT, GR, and GPx activities, indicating that both 23-HTA and NIF 1 significantly prevented cisplatin-induced changes in oxidant and antioxidant enzyme activities in rat renal tissues. Furthermore, the aglycone 23-HTA was found to be more potent than NIF 1 . NIF 1 slightly reduced cisplatininduced increases in BUN, serum creatinine, hydroxyl radical, and MDA levels and GSH depletion. These observations suggest that 23-HTA is the active species that induces the observed nephroprotective effects, and that the glycoside NIF 1 becomes effective after it has been converted into 23-HTA when administered orally, possibly in part through enzymatic hydrolysis in the gastrointestinal tract or other biosystems. Since glycoside NIF 1 showed the either mild or significant nephroprotective efficacy in some in vivo and in vitro assay systems, to investigate the exact mechanism of action of NIF 1 , we need a further study to analyze plasma concentrations of 23-HTA and NIF 1 after oral administration in animal systems. In view of the finding that 23-HTA inhibited cisplatin-induced redox status changes, reduced the activities of oxidant enzymes, and increased the activities of antioxidant enzymes, it would appear that the protective effects of 23-HTA against cisplatin are due to its antioxidant effects. These findings suggest that 23-HTA inhibits ROS generation by modulating the activities of redox enzymes.
The focus of our research is to identify antioxidants from natural sources that are able to ameliorate cisplatin-induced nephrotoxicity, because these natural antioxidants are likely to be safer than synthetic antioxidants. 46) Several antioxidants have been explored in this context, for example, natural selenium-based antioxidants, like ebselen, have been reported to suppress cisplatin-induced oxidative stress in membranes and to prevent GSH depletion by cisplatin in rats. 47, 48) Furthermore, vitamin C and a-tocopherol (both well-known antioxidants), and superoxidase dismutase overexpression have been reported to ameliorate cisplatin-induced oxidative stress, [49] [50] [51] which suggests that they protect against cisplatin-induced renal epithelial cell injury. 52) In addition to ROS, cisplatin administration causes nuclear factor-kappa B (NF-kB) activation and subsequent inflammatory reactions that cause renal injury. 53, 54) The upregulation of tumor necrosis factor-alpha (TNF-a) is known to be an important step in the activation of the NF-kB signaling pathway. 55) Previous studies have shown that agents which inhibit TNF-a production and NF-kB activation effectively ameliorate cisplatin nephrotoxicity. 53, 54) In addition, TNF-a knockout mice sustained less renal injury than wild type mice and were found to have markedly higher survival rates following cisplatin injection. 56) Furthermore, levels of inflammatory cytokines, such as, interleukin-1 betta (IL-1b) and IL-6, were found to be markedly upregulated under conditions of cisplatin-induced nephrotoxicity, and this increase was found to be associated with an influx of neutrophils and monocytes, which caused toxic acute renal failure. 57, 58) In our previous studies, we have also described the anti-inflammatory activity of 23-HTA 21, 22) ; however, further study is needed to determine whether the protective effect of 23-HTA against cisplatin is due to its ability to inhibit the activation of the NF-kB signaling pathway, which promotes the transcriptions of NADPH oxidase, TNF-a, and iNOS. 59) The results of the present study indicate that 23-HTA effectively protects rat kidney tissues against cisplatin-induced acute nephrotoxicity, which suggests that the antioxidant activities of 23-HTA are primarily responsible for the nephroprotective effect of 23-HTA. The findings of the present study indicate that 23-HTA is potential therapeutic candidate for the prevention of renal injury and dysfunction which is a major and dose-limiting problem during cisplatin therapy.
